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I.  INTRODUCTION 


The  major  objective  of  the  present  report  is  to  evaluate  the  potentials 
of  a  ducted  fan  type  flying  crane.  An  optimization  study  is  conducted 
for  a  series  of  given  missions  characterized  by  payload,  range,  and 
hover  time.  Such  a  study  requires  a  Knowledge  of  the  weights  of  the 
various  components  and  of  the  power  requirements  in  different  flight 
conditions. 

Unfortunately,  very  little  information  is  presently  available  on  the 
aerodynamic  characteristics  of  a  ducted  propeller  in  transverse  flow. 
Truck  tests  conducted  on  Hiller's  flying  platform,  see  Ref.  1  and  Sec¬ 
tion  111,1  of  this  report,  indicate  that  in  forward  flight  relatively 
large  pitching  moments  occur  which  must  be  compensated  by  proper  means 
of  control.  Further,  as  the  moments  of  inertia  of  a  flying  crane  about 
its  three  principal  axes  are  extremely  large,  very  powerful  control  mom¬ 
ents  throughout  the  speed  range  are  required.  The  simplest  method  of 
generating  the  necessary  control  moments  in  pitch  and/or  roll  is  differ¬ 
ential  collective  thrust  in  a  multiple  ducted  fan  configuration.  Such  a 
configuration  requires  a  minimum  of  three  ducts.  On  the  other  hand,  a 
duct  number  larger  than  four  is  believed  to  be  impractical  if  a  reason¬ 
able  forward  speed  must  be  obtained.  This  study  has,  therefore,  been 
limited  to  a  three  -nd  four-duct  configuration. 

As  far  as  possible,  performance  and  control  calculations  have  been  based 
on  data  derived  from  experiments.  This  refers  primarily  to  the  hovering 
power  required  and  tc  the  pitching  moments  in  forward  flight.  As  re¬ 
liable  test  data  on  power  required  in  forward  flight  are  presently  not 
available,  theoretical  expressions  based  on  the  momentum  theory  have 
been  derived.  Those  theoretical  data, in  connection  with  an  assumed 
realistic  value  for  the  propeller  efficiency, have  been  used  for  the 
power  required  calculations  for  all  forward  flight  conditions.  To  sim¬ 
plify  these  numerical  calculations,  general  nondimensional  charts  have 
been  prepared.  It  should  be  noted  that  the  additional  power  required 
for  the  compensation  of  the  pitching  moments  has  been  taken  into  account 
and  that  interference  effects  have  been  neglected.  The  reason,  again, 
is  lack  of  basic  information. 

As  it  is  rather  difficult  to  predict,  at  the  present  time,  the  flight 
characteristics  at  higher  speeds,  the  cruising  speed  assumed  for  the 
given  missions  has  been  arbitrarily  limited  to  70  knots.  This  figure  is 
believed  to  be  conservative. 
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II.  POWER  AND  FUEL  REQUIRED 


1.  POWER  REQUIRED 


Hovering 

Theory  states  that  the  presence  of  a  duct  greatly  increases  the  effic¬ 
iency  of  a  propeller;  experiments  conducted  so  far  confirm  the  theory. 
The  efficiency  of  a  propeller-shroud  combination  in  hovering  can  best  be 
expressed  by  the  figure  of  merit,  M,  defined  by  the  expression 


T  =  thrust,  lb 
P  a  power,  lb  ft/sec 

2 

A  =  propeller  disk  area,  ft 
T/A  =  disk  loading  lb/ft*" 
p  =  density  of  air,  lb  sec  /ftu 


(1) 


For  an  unshrouded  propeller  the  figure  of  merit  amounts  to  approximately 
M  =  0.7  to  0.75;  for  a  properly  designed  propeller  shroud  combination 
this  value  goes  up  to  approximately  1.5.  According  to  equation  (1)  this 
means  that  for  given  power  and  propeller  diameter  the  ducted  propeller 
produces  up  to  60%  more  static  thrust  than  a  conventional  unshrouded 
propeller. 

In  order  to  derive  a  realistic  value  for  the  anticipated  figure  of  merit 
of  a  ducted-fan  type  Flying  Crane,  a  survey  of  the  test  data  available 
has  been  conducted.  Fortunately,  already  a  considerable  amount  of  static 
testing  has  been  done.  Some  of  the  results  are  discussed  in  the  follow¬ 
ing  paragraphs. 

Fig.  1,  derived  from  test  data  reported  in  Ref.  3,  shows  the  figure  of 
merit  M  of  a  shrouded  and  unshrouded  propeller  against  the  blade  pitch 
setting.  The  maximum  figure  of  merit  of  the  shrouded  configuration 
amounts  to  approximately  1.15.  It  should  be  noted,  however,  that  this 
propeller-shroud  combination  has  been  laid  out  for  an  advance  ratio  of 
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.9:.  It  may,  therefore,  be  expected  that  by  using  a  duct  fora  which 
favors  the  low  speed  range,  higher  figures  of  .writ  for  the  hovering 
condition  can  be  obtained.  This  is  confirmed  by  the  curve  shown  in  Fig. 
3.  This  curve,  plotted  against  the  coefficient  C-  a3  dofined  in  the 
original  .\'ACA  report,  represents  the  figure  of  writ  of  the  "short- 
cruise"  shroud  tented  by  R.  J.  Platt,  3eo  Ref.  2.  According  to  Fig.  3> 
in  this  case  values  of  M  *  1.5  and  higher  are  obtained. 

In  Fig.  d  the  figure  of  writ  of  various  other  test  data  is  plotted 
against  the  disk  loading.  Those  data  come  from  different  sources.  The 
upper  curve  represents  tests  conducted  by  the  Doak  Aircraft  Company,  Ref. 
".  The  two  lower  curves  are  taken  from  Ref.  5,  they  are  the  results  of 
a  survey  made  by  A.  Stone,  BuAer,  and  refer  to  an  area  ratio  of  1.0  and 
1.  ,  respectively.  Finally,  tho  single  point  plotted  in  Fig.  2,  is  taken 
from  Ref.  7.  The  various  data  represented  in  Fig.  2  fall  into  the  range 
1.  3<  M <  1 . 56  where  the  lower  limit  is  partly  based  on  Krueger's  tests, 
which,  as  mentioned  previously,  have  been  conducted  on  propeller-shroud 
combinations  laid  out  for  high  advance  ratios.  It  appears,  therefore, 
that  by  a  proper  design,  at  least  values  of  M  =  1.3  to  l.u  can  be  ob¬ 
tained.  For  the  hovering  performance  calculations  of  the  Flying  Crane 
M  1.31  has  bc^n  assumed,  this  figure  i3  believed  to  be  conservative. 
In  the  preliminary  design  studies  of  this  report,  the  engines  are  loca¬ 
ted  in  the  center  of  the  ducts,  and  transmission  losses  are,  therefore, 
relatively  low.  It  has  been  assumed  that  these  losses  amount  to  approx¬ 
imately  2.5$,  i.c.,  the  transmission  efficiency  «  0.975.  With  these 
assumption.;  it  follows  from  equation  (1)  that  thextotal  hovering  power 
required  amount .  tc 


OIP) 

hovering 


(2) 


when- 

W  gross  weight,  lb 

2 

w  1  effective  disk  loading,  lb/ft 
and 


Mr^  -  1.31  x  0.95 

1.28 


Forward  Flight 

As  menticned  previously,  no  test  data  are  presently  available  on  forward 
flight  characteristics, ' i.e. ,  on  power  required  in  transverse  flow  con- 
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ditions.  The  performance  calculations  of  level  fo. *ard  flight  and  climb 
have  therefore  been  basod  on  equations  derived  from  the  momentum  theory. 
Compressibility  effects  have  been  neglected. 

For  simplicity,  at  present  only  one  ducted  propeller  is  considered.  Tho 
equations  can  also  be  applied  directly  to  a  multiple  ducted  fan  config¬ 
uration  if  power  required,  weight,  and  external  drag  are  interpreted  as 
power  required  per  ducted  propeller,  woight  carried  per  ducted  propeller, 
and  drag  per  ducted  propeller. 

If  no  additional  means  of  propulsion  and  lift  generation  are  used,  in 
level  flight  the  vertical  component  of  the  net  thrust  vector  must  be 
equal  to  the  weight  and  the  horizontal  component  equal  to  the  external 
drag.  Let  be 

W  ■  weight,  lb 

*■  external  drag,  lb 

D  -  internal  drag  (actin;'  in  the  direction  of  duct 
axis),  lb 

V  =  flight  velocity,  ft/sec 

V  ■  duct  exit  velocity,  ft/sec 

2 

A  -  duct  exit  area,  ft 
e  ’ 

m  =  mass  flow  per  second,  lb  sec/ft 


If  a  denotes  the  forward  tilt  angle  of  the  duct  axis  and 

T  -  W  +  D  ?  D.  (3) 

e  l 

the  resultant  force  vector,  it  follows  from  Fig.  b  that  the  horizontal 
component  of  T  must  be  equal  to  (D  +  D.  sina),  and  the  vertical  compon¬ 
ent  equal  to  (W  +  cosa). 

This  means  that  the  following  equation  must  be  fulfilled 

-  (D  +D.  sina/'  +  (W+D.  cosa)"  (It) 

e  i  l 

On  the  other  hand,  the  momentum  theory  states 
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T  ■  nV  -  nV 
o  e 


or,  from  rig.  i 


7^  ’»  si4 V  ‘'♦*fV  V  sine 

o  e  o  e 


Equating  the  rigat  hand  sides  of  equation  (L)  and  equation  (6)  leads  to 


n^V  V  -  rri  V  V  sina  ■  Vf+D  ^+D, ‘'+2V<rD,cosa 
o  e  o  e  e  i  i 


+2C  D.sinc 
e  i 


where  the  mass  flow 


m  r  V  A  p 
e  o 


From  Fig.  i:  the  following  equations  for  the  required  duct  tilt  angle  can 
be  derived: 


b  *mV 

e  o 


mv  -u 
o  1 


rr>  ;a  • 


mV  -u. 
e  l 


D  ♦mV 

>  <; 


The  theoretical  studies  can  greatly  be  simplified  by  introducing  non- 
dimensional  coefficients.  Let  be 


c  -  V  /V 
e  o 
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AoVoo/2 


f,  ' 


'i 


1  A  V  'o/<? 
c  c  ' 


(li.) 


(15) 


Tho  most  significant  of  these  nondinonsional  coefficients  is  the  Quan¬ 
tity  T,  which  determines  the  aerodynamic  characteristics  of  a  given 
flight  condition.  It  can  easily  be  seen  from  equation  (12)  that  2¥  can 
be  interpreted  as  a  conventional  lift  coefficient  referred  to  the  wing 
area  A0  and  the  free-stream  velocity  VQ.  Tne  parameter  ¥  should  be  con¬ 
sidered  as  the  major  parameter  of  a  ducted  fan,  for  this  reason  the  var¬ 
ious  quantities  which  determine  power  required,  tilt  angle,  pitching 
moment,  etc.,  have  later  been  calculated  and  plotted  as  function  of  ¥. 

It  nay  be  of  interest  to  note  that  for  a  Flying  Crane,  as  investigated 
in  this  report,  the  uantity  ¥  falls  into  the  range  1<  ¥<  •  where  ¥  =  • 
refers  to  the  hovering  condition.  See  also  Fig.  5  where  T  is  plotted  vs 
disk  loading  for  several  velocities.  These  curves  refer  to  S.L.  condi¬ 
tions. 

Another  important  parameter  is  the  quantity  e  which,  according  to  equa¬ 
tion  (13),  represents  the  ratio  (duct  exit  velocity )/( free  stream  vel¬ 
ocity).  Finally,  f*  and  fc  characterize  the  internal  and  external  drag 
of  a  ducted  propeller  configuration  and  can  be  interpreted  as  drag  co¬ 
efficients.  It  should  be  noted  that  the  external  drag  coefficient  fe  is 
referred  to  the  free  stream  velocity  V0,  and  the  intern  il  drag  coeffic¬ 
ient  fi  to  the  duct  exit  velocity  Ve.  For  the  disk  loadings  and  tho 
speed  range  of  a  ducted-fan  type  Flying  Crane  or,  more  appropriately, 
for  its  ¥-range,  the  internal  c.rag  is  of  minor  importance.  Evaluation 
of  test  data  and  preliminary  numerical  studies  show  that  values  of  ap¬ 
proximately  fi  =  0.08  to  0.095  must  be  expected.  The  performance  cal¬ 
culations  of  this  report  have  conservatively  been  based  on 


f.  -  0.1 

l 


(lo) 


With  equations  (12),  (13),  (li|),  (15)  the  equations  (9),  (10),  (ll)  sim¬ 
plify  to 


sina 


f  +2e 

e 


2e 


(17) 
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fl/2  f 


Similarly,  equation  (')  can  be  reduced  to 


(1-I/2  r^'-e  -cp  -  f 


‘n/L  r  2 


The  last  equation  permits  the  calculation  of  c  as  function  of  disk  load¬ 
ing,  speed,  external  and  internal  drag.  As  the  knowledge  of  this  quan¬ 
tity  is  mandatory  for  several  reasons  (dete  mi  nation  of  tilt  angle, 
power  required)  general  charts  have  been  prepared  which  will  be  discus¬ 
sed  later. 

The  momentum  theory  sta tes  that  for  the  ideal  case  (propeller  and  trans¬ 
mission  efficiency  *  1)  the  power  required  amounts  to 


(p°u,or,.(jeai  •  2  (y-v/) 


where  the  mass  flow  is  given  by  equation  (6).  If  tv,  denote  the  pro¬ 
peller  and  transmission  efficiency,  respectively,  the  brake  HP  required 
for  level  flight  becomes 


(HP)LF  "  (v-v)  <2; 

With  the  nondimensional  coefficients  given  by  equations  (12),  (13)  the 
above  equation  can  be  rewritten  as 


(HP)  .  x  »(^-d 

;LF  2x5^,^  x  7 


Similar  to  equation  (  ),  which  determines  the  power  requirement  for  hov¬ 
ering,,  equation  (  '3)  can  also  be  expressed  as 
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(HP) 


m 

IF 


V 

Wyv 


(21i ) 


whore  the  nondimens ional  quantity  t  represents  a  kind  of  figure  of  merit 
for  forward  flight.  Comparison  of  equations  (?3)»  (2li )  gives 


T 


IL 

e(e  -l) 


(25) 


The  numerical  performance  calculations  have  been  based  on  the  following 
assumptions,  believed  to  be  realistic 


n  *  0.67 

^  •-  0.975  (26) 

Vt  "  0,85 


In  order  to  simplify  the  numerical  investigations  several  charts  have 
been  prepared,  see  Figs.  6  to  11.  The  curves  represent  the  quantities 
e,  a,  e(e  •  1),  and  t,  plotted  against  the  parameter  i.  As  can  be  seen 
from  Fig.  5>  for  the  assumed  cruising  speed  of  70  knots  and  for  the  disk 
loadings  investigated,  the  parameter  Y  lies  within  the  limits  1<  Y <  10. 
Therefore,  the  curves  represented  in  Figs.  6  to  11  are  in  most  cases 
restricted  to  this  f -range.  Inspection  of  the  functions  represented  in 
these  graphs  leads  to  the  following  conclusions. 

Figs.  6  and  7  show  the  velocity  ratio  e  for  f^  =  0  and  f^  -  0.1,  res¬ 
pectively,  for  an  external  drag  corresponding  to  fe  -  0,  .2^  and  .1|8. 
Comparison  of  these  curves  indicates  that  within  the  range  investigated 
the  internal  drag  has  only  a  minor  effect  and  that,  as  expected,  the  ef¬ 
fect  of  the  external  drag  increases  with  decreasing  Y-values,  i.e.,  with 
increasing  speed. 

Fig.  8  shows  the  duct-tilt  angle  a  vs  Y  for  various  external  drag  coef¬ 
ficients.  The  internal  drag  is  assumed  to  be  f^  =  0.1,  slip-stream  de¬ 
flection  by  vanes  is  not  taken  into  account.  The  curves  of  Fig.  8  show 
that  even  for  zero  external  drag  appreciable  forward  tilt  angles  are  re¬ 
quired.  For  instance,  at  a  disk  loading  of  50  lb/ft^  and  a  speed  of  70 
knots,  the  parameter  Y  is  approximately  1.5.  According  to  Fig.  8  a  tilt 
angle  of  approximately  a  :  It5°  is  required  for  this  flight  condition. 
This  figure  refers  to  zero  external  drag,  it  increases  slightly  if  ex¬ 
ternal  drag  is  considered. 
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Figs.  9,  10  show  the  function  r  •  t(t  -1)  and  its  first  derivative 
F'  ■  dF  dl.  The  former  function  plays  a  roll  in  the  calculation  of  pow¬ 
er  required  for  forward  flight.  The  latter  is  needed  later  to  calculate 
the  variation  of  power  required  caused  by  changes  in  weights  due  to  fuel 
consumption.  For  T<  1  the  following  approximation  can  be  usod 


r 


where 


u 


(27) 


(28) 


Fig.  10  shows  F*  an  given  by  equation  (17.,  it  represents  the  mathemat¬ 
ically  correct  solution  for  the  simplified  case  f^  B  fe  R  0. 

In  Fig.  ll  the  parameter  t  is  represented  which. according  to  equation 
(.'Jj^de teirunes  the  power  required  for  level  flight.  The  curve  is  based 
on  the  following  assumptions 

f.  -  0.L0 

i 

f  ■  0.36 


The  justification  for  the  selection  of  the  above  fc-value  v/ill  be  dis¬ 
cussed  later.  It  may  be  worthwhile  mentioning,  however,  that  within  the 
speed  range  investigated  a  20%  in  -  or  decrease  in  the  external  drag  has 
only  a  minor  effect  on  the  power  required. 

Evaluation  of  external  drag  parameter  f 

It  is  estinut-d  that  she  oeuivalent  parasite  area  of  the  aircraft,  with¬ 
out  load,  corresponds  to  that  of  a  rectangle  with  the  length  2.gD,  and 
the  width  C.3D.  The  equivalent  parasite  area  of  the  load  is  given  as  8() 
ft'-.  This  means  that,  by  definition, 

f,  -  (2;,) 

btrD2A 

where 

D  =  propeller  diameter 
b  ■  number  of  ducted  propellers 
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The  drag  parameter  fe  as  given  by  equation  (29)  is  plotted  in  Figure  12 
against  the  propeller  diameter  D.  Both  the  3  and  U  duct  configurations 
are  shown.  In  each  case  decreases  with  increasing  D-values.  Also 
plotted  is  the  value  fc  ■  8.36  on  which  the  performance  calculations  of 
this  report  havo  been  based.  For  a  h-duct  configuration  with  D>15  ft 
the  drag  parameter  is  considerably  lower  than  f0  ■  0.36.  On  the  other 
hand,  for  the  3~duct  configuration  with  small  propeller  diameters  f0  i3 
somewhat  higher  than  O.36.  As  mentioned  previously,  for  the  speed  range 
considered  in  thi3  report  (V  <70  knots),  the  external  drag  has  only  a 
minor  effect  on  the  power  required.  It  is,  therefore,  bolieved  that  the 
assumption  of  a  constant  fe-value  is  justified  and  within  the  limits  of 
the  accuracy  with  which  the  performance  can  be  predicted  today. 

Climb 

F'**'  climbing  flight  (y  ■  angle  of  climb)  the  forces  acting  parallel  and 
normal  to  the  flight  path  area 

in  direction  of  flight:  Drag  ♦  (Weight  x  siny) 

nomal  to  direction  of  flight:  W  cos  y 

This  means  that  the  -.ondimensional  coefficients  Y,fe  (referring  to  level 
flight)  for  climbing  flight  change  to 

Y  "  T  cos  y  (30) 

c 


(fe)c  ■  re  +  21  sin  r  (31) 

The  total  power  required  for  climbing  can  again  be  calculated  by  equa¬ 
tion  (23)  if  Y  and  fe  are  replaced  by  Yc,  and  (fe)c,  respectively.  The 
power  required  can  also  be  expressed  as 


(HP)  ■  SSSOyj;  (j  +AP 


(32) 


where  the  first  term  in  the  paran theses  refers  to  the  power  required  in 
level  flight  and  the  second  to  the  excess  power  required  for  climbing, 


i.e. 


The  excess  power  required  for  climbing  can  also  be  written  as 


W  V 

(HP)C  *  550^1^ 


(3lt) 
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where  the  rate  of  climb 


Vc  ■  Vo  sin  Y  C 

The  torn  n.  in  equation  (3li)  ronivsents  the  climbing  efficiency;  fron 


i.’.e  tori  re 
•rua lions  ( 


3 2)  and  ( 3<* )  ii  follows  that 


2  sir. 


In  Figure  13  the  climbing  efficiency  ry,  as  defined  by  equation  (3b)  has 
btfi'i  plotted  against  the  power  ratio^t//  *  Curves  for  f  ■  b,  8,  12, 
16,  and  ^0  are  shown,  also  plotted  anreurves  for  constant  y  values. 

The  various  curves  in  Figure  13  indicate  that  the  climbing  efficiency 
decreases  with  increasing  climb  angles  y  ana  increasing  Y-values. 

Figure  13  can  be  used  to  calculate  the  rate  of  climb  as  follows.  Let  be 


(HP)...  =  Horsepower  available 


(ii?)^,  *  Horsepov;er  recuired  for  level  flight 

A  /  (hptv-(KP)Lf. 

~P~ ’ 

From  ccuation  (3 b)  ii  follows  that  the  rale  of  climb 


*e  ’•  ^K1  t\AHPlF 


where  rg  c  n  bo  ...'ken  from  Fi-’uro  13  as  function  and  Y.  It  nay 

be  ’  o.  Uu.Ii.'.Ij  n  tirv.i.j  tint  for  ho  flying  crane  stbdy  of  i)  is  report, 
due  to  ’  (.  .ov1 '  rip  r  a  ui  lament  (6000  ft,  95°),  the  ratio  A//  f  for  in 
alLituf  of  ■\K0  ft  amounts  to  approy.jmately  O.h.  J  v 


2.  SFFi:  JT  OF  FLICV.T  C  .TATIOW  ON  FUEL  CONSUMPTION 


hoven>r 


Let  be 


~  power  i^.iuireu  at  the  beginning  of  hover  period 
-  specific  fuel  consumption  lb/ITP/hour 


hover  time,  minutes 
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Differentiation  of  the  basic  equation  (2)  for  power  required  in  hover¬ 
ing  gives 


d(HP) 

~3IT 


3  1  r* 


W) 


A  first  approximation  for  the  change  in  weight  due  to  fuol  consumption 
is 


dW  - 


(HP^SFOxtjj 

55 


(39) 


Inserting  equation  (39)  into  equation  (38)  leads  to 


d(HP) 


{HP)o(SFC)tH 

SOxWtjj-  V^P 


(80) 


This  means  that  at 
to 


(HP) 


the  end  of  the  hover  time  the  power  required  amounts 


.  (SFC)tn  l 

1  '  55x555H5£  V^P  ) 


(80 


and  that  the  average 
mately 


(HP) 


average 


power  required  during  the  hover 

HP  h  (Sro)tH  }pl 
o  P  dOx^OMt^  y2p  / 


period  is  approxi- 


(82) 


Based  on  this  average  power  required,  the  ftiel  consumption  in  lbs  for  a 
given  hover  time  L.  in  minutes  becomes 


(SFC)tKWc  iPT  f,  (SFC)tH  l/^l 

Fuel  Weight  =  ^55®^  ]j  ^  j 1  *  V  J?  J 


(83) 


Forward  Flight 


An  analogous  expression  can  be  derived  for  forward  flight.  If  (HP)0  de¬ 
notes  again  the  power  required  at  the  beginning  of  the  cruise,  a  first 
approximation  for  the  decrease  in  weight  due  to  fuel  consumption  is  giv¬ 
en  by 


dW  =  (HP)q(SFC)  time  (kh) 

The  time  required  to  travel  the  range  R  (nautical  miles)  at  the  speed 
Vq  (ft/sec)  is 
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Cruising  ti-".o  •  1.69  R/V  hours 
InsertLng  equation  (65)  into  equation  (Id.)  gives 


31 


(HP)0(SFC)  1.69R 


(1.5) 


m 


From 


dT  b  dW 
f  "  W 

(See  equation  (12)) 

(1.7) 

d{HP)  dF 
ThF]  "  F 

(See  equations  (12),  (23)) 

(1.8) 

dF  -  F'd? 

(by  definition) 

(89) 

it  follows 

d (HP )  *  (HP)o 

F'  dW 

F  W  1 

(50) 

'  (hp1t¥~7 

pVo 

With  dW  as  given  by  equation  (I46),  the  above  equation  (50) 
written 

can  be  re- 

d(HP)  -  (HP 

F*w  (SPC)1.69R 

(51) 

FpV  3W 

0 

This  means  that  the  power  reauired  at  the  end  of  the  cruise 
approximately 

amounts  to 

(HP)o-d(HP)  "  (HP)q  1 

(,  F'(SFC)1.69R  ) 

i1  — — ) 

(52) 

where  the  function  F1  can  be  taken  from  Figure  10.  The  average  power 
required  during  the  cruise  period  is 

(HP)  =  (HP)  J 

average  0  j 

(,  F' (SFC )l.69R  ) 

* - E&V - j 

(53) 
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which  means  that  during  thi3  cruising  period  the  following  amount  of 
fuel  is  consumed 


Fuel  weight  *  (HP)avtjragex(S?C)x( time) 

.  (SFC)R  ,tinX  A  r*(SFC)1.69RN 

T7  '  °  v  — ra>5 r : — ) 


(51.) 


In  this  equation,  which  gives  the  fuol  consumption  in  lbs,  VCP  denotes 
the  endsing  speed  in  knot3  and  R  the  range  in  nautical  miles.  The  torn 
in  the  paran theses  represents  the  overage  reduction  in  fuel  consumption 
or  power  required  due  to  the  decreasing  weight. 
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3.  FUSt-VfEIGHT  RATIO 

The  various  basic  unuations  for  power  required,  fuel  consumption,  etc., 
derived  in  the  previous  sections  are  applied  to  a  specific  mission  which 
is  described  schemnilrally. 


I  /T /J  L>$  ft  S  H 


Tiii c  mission  consists  of  the  following  operations  under  standard  atmos¬ 
pheric  conditions: 

1.  Warming  up  at  100#  normal  rated  power  at  home  base  witn  full  load 
at  2000  foot  altitude 

2.  Clijnhin;;  from  2000  to  3000  feet. 

3.  Cruising  at  3000  feet  to  remote  base  at  distance  R  from  home  base. 

!j,  Hove rin,-'  at  2000  feet  with  release  of  payload. 

5.  Climbing  to  3000  feet. 

6.  Cruising  back  to  home  base  at  3000  feet. 

7.  Carrying  a  fuel  reserve  of  ten  percent  of  initial  fuel. 
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The  specific  fuol  consumption  (SFC),  that  is  employed  in  all  computa¬ 
tions,  is  assigned  a  value  of  .55  lbs/BHP-hr  at  100$  normal  rated  power 
(WRP)  and  at  sea  level  standard  day  and  made  proportional  to  the  SFC 
characteristics  of  the  gas  turbine  engine  of  Chart  II  of  Hiller  Report 
No.  630.5,  see  Reference  9.  The  SFC  versus  NRP  curves  are  presented  in 
Figure  lii.  The  installed  power  is  given  by  the  hovering  capability  at 
6000  feet  altitude  and  95°F  day.  NRP  available  at  different  altitudes 
is  made  proportional  to  the  NRP  of  the  above  mentioned  Hillor  report. 
The  NRP  versus  altitude  curve  is  also  presented  in  Figure  la. 


The  genoral  equation  for  the  dimensionless  ratio  Rp  of  fuel  required  to 
gross  weight  may  be  written  as  follows: 


^  " 


1.10 


(ARp  )  ♦(ARp  )  +Arp  +ARp  ♦  (ARp  )  +(ARp  ) 

*11  1  P  ^  "l^  *22 


(55) 


In  the  above  equation,  which  is  patterned  after  the  presentation  in  Ref 
erence  10,  the  various  increments  in  Rp  refer  to  parts  of  the  general 
mission. 


(ARfi)-,  is  the  fuel  to  weight  ratio  for  climb  from  altitude  h^  ■  20 
feet  to  h2  *  3000  feet  on  a  standard  day  at  a  speed  of  kO  knots  and 
normal  rated  power. 


2000 


It  can  easily  be  seen  that 

I*,  \  .  (h2'hi}  ,  rev /bhpV  (1000)(SFC) /bhp\ 

(mm) (SFC)  [^-j-  xm  m)  \^ry  (56) 

where  Wq  denotes  the  design  gross  weight,  and  BHP  the  total  power  re¬ 
quired  in  climbing  flight.  BHP  is  the  sum  of  the  expressions  given  by 
equations  (2k),  (3k).  For  the  calculation  of  the  effective  disk  loading, 
we,  in  equation  (2k)  it  has  been  assumed  that  only  91$  of  the  area  is 
effective  which  means 


w  = 
e 


1.1W 

brrD2/li 


(57) 


The  rate  of  climb 


R/C  =  33000^ 


AHP  BHP. 


LF 


W 


W 


where 


J 


ft/min 


(58) 


AHP  =  available  horsepower  at  2500  feet,  std.  day 
=  ^6000',  95°  day 
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As  mentioned  previous! y,  for  the  Flying  Crane  studies  of  the  present  re¬ 
port  the  ratio  (oxccss  power  available  for  c limb )/( level  flight  power) 
is  approximately  !iOl.  For  this  particular  case  a  conservative  approxi¬ 
mation  for  tr.e  rate  of  dim  is  given  by 

R/C  •  7.0  V  )T  ft/min  (59) 

wnere  Vq  is  the  flight  velocity  in  ft/sec  (assumed  to  be  ki>  knots  ■  68 
ft  sec,  and  T  is  lefinod  by  equation  (12). 

(ARFi)2  *s  a^so  by  equation  (56)  where  for  the  calculation  of  the 

power  reouired,  3HP,  the  reduced  weight  due  to  fuel  consumption  and  due 
to  the  released  load  has  to  be  taken  into  account. 


(ARFj)j  ftnd  (ARf^. K  represent  the  fuel  to  weight  ratios  for  cruising. 
The  cruising  speed  is  assumed  to  be  70  knots.  According  to  equations 
(53  (67)  the  average  HP  required  for  cruising  amounts  to 


W  k 

o  c 


1 ft 

F'(SFC)(R-R  r 

i  _ 

1  1300 
w 

This  moans 


\AK  ) 

P2  1,2 


(SPC)(BHP)(R-Rj 

v  w; 

cr  G 


(60) 


(61) 


In  these  equations 


W  -  actual  weight  at  the  beginning  of  the  cruise 

0 

W„  “  design  gross  weight 
u 

R  =  design  radius  of  action,  naut.  mi. 


Rr  =  range  credit  during  climb,  naut.  mi. 

0 

V  =  cruise  speed,  in  knots 
cr  r 

ARFj  is  the  fuel  to  weight  ratio  for  a  starting  time  of  2  minutes  under 
condition  of  expenditure  of  100$  normal  rated  power. 
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A&f  is  the  fuel  to  weight  ratio  for  hovering  at  altitude  hj  •  2l'0t 
feet^with  full  load. 


(63) 


In  the  above  equation,  3HP  represents  the  average  power  required  fo»* 
hovering 


our  -  W°  f*  fi  <S?C)(t,l)  lFl 

BHP  55CR^  Hp  [*  I7p 


(6U) 


where 


t..  a  mission  hover  tine,  minutes 
h 

p  =  air  density,  .Q022b2  slugs/cn.ft 
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III.  CONTROL  CONST DEKATIONS 


1.  METHODS  Or  CONTROL 

It  is  assumed  that  control  about  the  longitudinal  and  latoral  axis  is 
ac  ioved  by  differential  propeller  thrust.  As  a  variation  in  thrust 
also  affects  the  torque,  the  use  of  counterrotating  propellers  is  mand¬ 
atory  for  the  three-duct  configuration.  If  the  directions  of  rotation 
are  properly  chosen,  for  the  four-duct  configuration  also  single  pro¬ 
pellers  can  be  employed.  However,  in  order  to  avoid  large  gyroscopic 
moments  due  to  angular  velocities  in  pitch  or  roll,  the  design  studies 
of  both  configurations  have  been  based  on  counterrotating  propellers. 

See  also  Drawing  Nos.  1  ari  2,  which  show  a  3-view  sketch  of  each  con¬ 
figuration. 

As  thore  is  no  need  for  large  angular  accelerations  in  yaw,  it  is  be¬ 
lieved  that  yaw  control  can  best  be  achieved  by  differential  slip-stream 
deflection,  preferably  by  vanes  arranged  in  the  fore-aft  direction.  In 
order  to  produce  a  pure  yawing  moment,  the  force  to  the  left  must  be 
equal  to  that  to  the  right.  This  means  that  for  the  3-duct  configura¬ 
tion,  the  single  duct  in  the  front  requires  about  the  same  vane  area  of 
those  of  the  other  two  combined.  It  will  be  seen  later  that  in  forward 
flight  relatively  large  nose-up  pitching  moments  occur.  In  order  to 
compensate  these  moments,  the  thrust  of  the  rear  propeller(s)  must  be 
increased  and  that  of  the  front  propeller(s)  decreased.  This  fact,  to¬ 
gether  with  considerations  relating  to  the  static  stability  in  forward 
flight,  determined  the  duct  arrangement  of  the  3-duct  configuration 
which  has  one  duct  in  the  front  and  Lwo  in  the  rear. 

2.  EFFECT  OF  CONTROL  ON  POWER  REQUIRED 


As  mentioned  previously,  in  forward  flight  relatively  large  nose-up 
pitching  moments  occur  which  must  bo  compensated  by  differential  thrust. 
The  pitching  moment  per  duct  can  be  expressed  as: 

M  =  C  AqD  (65) 

m 

where  =  f(Y)  is  a  nondimensional  pitching  moment  coefficient  and 

2 

A  =  propeller  disk  area,  ft 
D  =  propeller  diameter,  ft 

2 

q  =  dynamic  pressure,  lb/ft 

If  b  denotes  the  number  of  ducts,  the  total  pitching  moment  amounts  to 
approximately 
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y 

'‘total 


a  bC^  AqD 


(66) 


This  pitching  morxT.t  dtjX'nds,  of  course,  on  the  c.g.  location  of  the 
Flying  Crane.  A  first  approximation  can  be  obtained  from  the  C  -curves 
plotted  Ln  Figure  15. 


The  increase  in  total  power  required  is  taken  into  account  by  adding  a 
factor  k  )  1  to  the  performance  oquation  (2k)  which  thus  becomes 

C 


Wk  ■»  FT 


(67) 


In  this  equation 


’  v* 


(68) 


denotes  the  jverall  efficiency  assumed  t"  be  0.85.  Tie  numerical  cal¬ 
culations  have  hoe.'  unsea  on  kc  B  1.0!:  which  is  nppr^xim  .tcly  the  maxi¬ 
mum  found  at  o  speed  of  V  K  10  knoT.3.  lhe  figure  kc  •*  i . Of*  stales  that 
a  kX  increase  in  total  power  is  necessary  to  produce  the  differencial 
thrust  required  for  pitch  control.  It  should  be  noted  that  the  changes 
for  the  individual  propellers  are  considerably  hi  her.  For  the  rear- 
propellers,  which  have  to  produce  a  larger  thrust,  the  increase  amounts 
up  to  approximately  25$  for  the  3-duct  configuration  and  up  to  33$  for 
the  h-duct  configuration.  This  can  best  be  shown  by  the  following  ex¬ 
ample  which  is  typical. 

Example :  3-Duct  Configuration  60  knots,  SL 

Gross  Weight  96,000  lbs 

Duct  Diameter  28.6  ft 

Fore-aft  distance  between  Ducts  36.5  ft 
Without  consideration  of  control  moments: 


Lift  per  Propeller 
Power  per  Propeller 
Total  Power 

With  consideration  of  control  moments: 


32000  lbs 
5670  HP 
17010  HP 
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The  pitching  morr.nt  a.r.ount3  to  .!i32,  X>0  lb. ft  which  scans  that  the 
lift  of  Ou*  front  propel' or  h*3  u  ho  deceased  oy  11,80ft  lbs  a/ id 
that  of  iic'i  roar  propeller  is  in  •••e*  sed  by  5900  lbs.  T*-c  rcsult- 
inp  change  in  1'. ft  ana  power  distribution  is  shown  m  t.h-r  following 
taol  . 


Lift,  lbs 

Power,  HP 

Front  Propeller:  y  . ?  ‘.o 

3100 

Each  H.ar  Pi*  >-l ler :  3/.900 

7200 

Total;  96.00U 

17500 

Ii  this  case  the  increase  i'»  u>Ul  power  -un.unis  t*»  ;.ppr»  ribn'Mely  )%', 
it  is  tn-’ lit  'd  th.it  t*  hi  di'/cl  opnicnt  M’  or  x*i  due*  shapes  ‘.ho  effect 
of  control  on  pT  r  r-.  tt.iivd  c«\  hr.  mi»  min-d.  i/v;  v  r,  until  t.i  s  \j  - 
fornatier,  s  ?iv ilLtble,  the  additi  jrinl  losses  «pproxi:i* it-1;  h%  ut  7‘ 
knots  s;"*.l3  hi  ’<ker  i-to  «ec  u".t. 
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IV.  DERIVATION’  OF  WEIGHT  EQUATIONS 


1.  GENERAL  METHOD 

In  order  to  determine  the  onpty  weight  of  tho  aircraft,  the  weights  of 
the  components  are  first  dorived.  Tho  components  are  listed  as  follows: 

Rotor  Weight  W_ 

K 

Transmission  Weight  W^ 

Duct  Weight  Wr 

Engine  Weight  Wg 

Engine  Accessory  Weight 
Structural  Weight  (Beams) 

Structural  Weight  (Pylons)  Wgp 

Structural  Accessory  Weight 
Other  Weight  Wq 

The  ratio  of  aircraft  empty  v/eight  to  gross  weight  is  called  0. 

0  =  Z  Component  weigh t^Gross  weight, 

The  weight  of  fuel  and  fuel  tanks  equals  gross  weight  less  payload,  Wp, 

_  S  .  JL  _  J  t  f  A 


and  empty  weight,  W 


empty* 


Wr  +  W.  ,  =  Wr  -  WD  -  W  . 

fuel  tanks  G  P  empty 

The  weight  of  fuel  tanks  is  a  constant  proportion  of  fuel  weight.  There¬ 
fore,  fuel  weight  can  be  expressed  as  a  constant,  K,  times  weight  of 
fuel  plus  tanks. 

W„  ,  =  K  (Wp  ,  +  W.  ,  )  =  K  (Wp  -  WD  -  W  ,  ) 
fuel  fuel  tank  v  G  P  empty 

Dividing  this  equation  by  gives: 

Wfuel  _  y(\  WP  Wempty\ 

WG  VW  WG  ) 
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The  ratio  of  fuel  weight  to  gross  weight,  Rp,  is  called  the  ‘'Fuel  Avail¬ 
able  Ratio".  It  is  equated  to  the  "Fuel  Required  Ratio"  to  determine 
the  gross  weight  of  a  design  that  will  satisfy  a  given  set  of  conditions. 
In  solving  this  equation  Rp  is  plotted  against  Wq  and  disk  loading,  w. 
Therefore,  Xq  and  w  are  considered  as  independent  variables  and  all 
component  weights  are  determined  in  terms  of  then. 

3oth  analytical  and  statistical  methods  are  used  in  deriving  the  compon¬ 
ent  weight  expressions.  Values  of  each  component  weight  have  been  tab¬ 
ulated  in  order  to  obtain  tables  of  values  for  0,  from  which  in  turn  are 
obtained  values  of  fuel  available.  The  component  weights  have  been  tab¬ 
ulated  over  a  wide  enough  range  of  Wq  and  w  to  include  the  intersections 
of  the  Fuel  Available  curves  with  the  Fuel  Required  curves. 

In  order  to  visualize  various  configurations  and  to  make  sone  design 
sketches,  it  is  necessary  to  know  rotor  diameters  and  powerplant  sizes. 
These-  are  calculated  below. 

Rotor  D  amotcr,  D 

D  = 


For 


D  *  diameter,  ft 
b  »  ifo.  ducts 
Wq  -  gross  weight,  lb 
w  “  disk  loading,  psf 

WQ  =  25000  lbs 
w  =  35  psf 


b  =  3 


D 


flpc25QOO 

tdc3x35 


=  17.lt  ft 
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2.  COMPOIOT  W2I0HTS 
2.1  Rotor  Woight, 

Reference  (12)  gives  the  following  expression  for  tho  weight  of  a  Cur¬ 
tiss  propeller  for  conventional,  fixed-wing  aircraft: 

Prop.  Weight  *  'S  cVb’"  ‘ 

Where 

AF  ■  activity  factor 
D  ■  diameter,  ft 
N  ■  take-off  rpn 

B  ■  number  of  blades 

-8 

K  *  .26  x  10’u  for  turbo-props 

Q 

e  .231  x  10"°  for  recip.  engine  props. 

The  accuracy  of  this  formula  is  checked  against  data  from  the  Curtiss 
catalog,  Reference  (13). 

Check  No.  1  Curtiss  63I1S  -  C#)0,  10#,  3  blade,  steel,  single  rotation, 
for  reciprocating  engine. 

D  =  16.67  ft 


AF  = 


T.O.  rpm 

Actual  weight 

Calculated 

weight 


113 
=  1225 
=  699  lb 

=  .231x10 


-8 


(l6.67)k(122#2(3.)’8^ 


=  753  lb  (This  is  within  8  percent) 

Check  No.  2  Curtiss  CGUiS  -  Bl|00,  830,  k  blade,  steel,  for  reciprocat¬ 
ing  engine 


D  =  15.1  ft 
AF  =  120 
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T.O.  rpm  ■  1260 
Actual  weight  *  659  lbs 

*  23lJdO'8^V‘8  (l5.l)li(1260)2U)-!J<i5 

■  832  lhs  (This  is  within  },2  percent) 

The  fomula  appears  to  be  reasonably  accurate.  Reference  (12)  indicates 
it  to  be  within  3  percent  accurate,  but  uses  data  which  varies  from  that 
in  Reference  (13). 


Rotor  disk  area,  A,  and  blade  tip  speed,  V.,  can  be  substituted  for  D 
and  N,  thus: 

D2  .  M 
If 


-3 

Only  shaft  turbine  engines  will  be  used,  so  K  *  .26x10”°. 

2 

825 


w  oh  &  V"'  ***1  r. 

WR 3  -26xl°  (ot  )  1 \-r J  B 

Y,8/VT  A*.  825 

J  '  ICC  J  “ 


AF 

iro 


V.,  =  800  is  considered  a  good  value  for  all  ducted  pro¬ 
pellers 

A  =  WQ/w 

»R-  •«u«(nii)1’,(S)!T  B'*5 


Activity  Factor,  AF,  is  an  expression  for  blade  area/ radius,  m  which 
greater  weight  is  given  for  area  near  the  blade  tip. 
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B  x  AF  corresponds  approximately  to  rotor  solidity.  In  propeller  design 
It  is  increased  as  disk  loading  increases.  As  number  of  blades,  B,  can 
never  be  a  fraction,  A?  is  increased  until  its  practical  limit  is 
reached.  Then  one  or  more  blades  are  added  and  A F  is  abruptly  reduced. 

For  purposos  of  this  study  it  is  desirable  to  have  3  and  AF  vary  contin¬ 
uously.  Theroforo,  AF  has  been  hold  constant  and  B  allowed  to  vary. 

This  results  in  fractional  blades,  but  is  a  method  used  for  first  ap¬ 
proximations  in  actual  propeller  design. 

A?  was  chosen  •  100.  This  corresponds  to  conventional  reciprocating 
engine  propellers  with  disk  loadings  around  85  psf.  This  disk  loading 
is  near  the  center  of  the  range  considered  in  this  report. 

The  aerodynamic  section  of  Reference  (11* )  gives  the  following  expression 
for  B  x  AF: 


A, /A^  ■  The  ratio  of  slip  stream  area  downstream  to  that  of 
the  propeller. 

=  1.0  for  ducted  propellers  with  straight  exit  duct¬ 
ing. 

VT  =  800  fps 

1+f  a  Flow  area  +  equivalent  flat  plate  area  of  drag 
surfaces. 

=  1.3 

CT  *  Mean  blade  lift  coefficient. 

=  .53  for  optimum  C^/C^. 

=  Down  wash  velocity. 


AF  =  100 
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B  x  100 


1360x1. 2v 
. 53 ( 800 )2. 00178$ 


♦ 


2.59 


f 


.001785(800 )‘ 


1.0 


{ 


09+ 


.001785(800) 


7 


B  •  .0269W 


2.59  4  1.0 


.0269m 


For  a  multi-rotation  propeller  the  disk  loading  per  hub  w/H  must  be  used 
a«d  the  entire  term  multiplied  by  the  number  of  hubs  per  propeller,  H. 


.757 


HW0 


w 

WR  -  .03835  4 


w 


..  7650  /  m2 

H  1'102.7+w/H 


.825 


2.2  Transmission  Weight,  W,p 


Reference  (11)  gives  the  following  expression  for  the  weight  of  a  heli¬ 
copter  transmission: 


.031  Q*88 


375 
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Q  •  output  shaft  torque,  ft  lb 
n  ■  number  of  connecting  shafts 

In  order  to  test  its  applicability,  it  is  used  on  two  transmissions  of 
known  weight  and  of  the  same  type  as  those  to  be  on  the  Flying  Crane. 

Formula  Test  1.  Allison  TiiO  -  A6,  5332  hp 

lh300  rpm  input 
15.7:1  gear  ratio 

2  input  and  2  output  shafts 
Gear  box  weight.  803-822  lbs 

^  b  5250  x  hp  x  gear  ratio 
*  input  rpm 

.  5250  x  5332  x  15.7  _ 

- E33B -  30700  ft  lb 

.375  .86 

.081  (30700)  -  876  lbs 


This  is  within  8  percent  of  the  given  weight,  so  the  formula  appears  to 
be  good. 

(Note*  It  was  found  that  the  dual  rotation  output  shafts  must  be  con¬ 
sidered  as  one  shaft. ) 

Formula  Test  2.  Allison  YT-56  ,  3017  hp 

13820  rpm  input 
12.5.1  gear  ratio 

1  input  and  1  output  shaft 
Gear  box  weight:  1*39  lbs 


n  _  5250  X  3017  X  12.5  . 

Qout - I5BJC - Ili33°  ft 


WT  = 


1+1 

T 


.375  .88 

x  .081  (11*300)  =  1*02  lbs 


This  is  also  within  8  percent  of  the  given  weight,  so  again  the  formula 
appears  to  be  good. 

It  must  now  be  put  in  terms  of  and  w  . 
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Q  '  x  K:  /rpc 

HP  ■  .a 3  6  U‘G  /vT 

HP  por  duet  •  .0?376  V,/b  (T 

U 

b  •  p.:.  due  tr 

.  *  tor  bl*»de  ti  i  sneod 
r*™ - B - - - 

Const*.. t  -id  speed  •*  100  ips  is  usod  in  ail  cr£«t3 

■  1.2000  fun 


3  Duct  Weight,  W 

The  only  existing  duct  on  which  there  was  any  available  data  was  that 
on  the  Hiller  60"  "Flying  Platform",  described  in  Reference  (16).  Th 
only  provided  a  duct  weight  for  one  set  of  conditions.  As  no  well  os 
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t/tblished  theoretical  irfom-liou  exist/.c,  :t  ms  ntcessaiy  1*  construct 
l  genoral  theoretical  enpressio.i  for  .act  wjl^ht  ;,rv.  then  assign  spoc- 
ific  values  to  the  expression  by  hakim?  it  correspond  to  two  known  ducts. 
Tho  60"  Flying  Platform  constituted  one  known  duct  ard  the  other  consis¬ 
ted  of  a  "provisionally  designee"  duct  3^'  f  ot  m  diameter. 

T»»  fo-i  the  f.o»:s*r.l  expression  to r  di  et  weight  it  « os  considered  that  a 
duct  ,  art  withstml  str»cvr*rl  cc.r».i.tior,s  Jut  i  jve  :«rtly  l:k*  t.cso  im¬ 
pos'd  on  m  aircraft  wi.u?  no  rut  y  like  tvose  inposei  0*,  :  funclago. 

An  airpla  ;  won.’  can  be  consider'd  s  a  0  itil  ver  be  ir.  w.th  a  uj,...orm 
load,  w  lb  p»  r  so.  ft  ol  upper  suTao  a  a.  T.  c  rear  has  >0*  typo  con- 
-tructio.i,  wti  length,  L,  wiiitn,  t,  l.*u. .  t,  ...  and  .  .11  *'  ck..i  ss,  t. 

The  v-tar.al  •■»!*  uhich  it  is  rur  lea  hy,  p,  *•.*'  .  •  imnr.  .orkin,; 

sti  ss,  5.  in*  boa*  1  has  constant  cr.’.on-  1  )  oportiu.j.  r.".  it:* 

a  ■  kL 

h  -  k'L 

t  is  small  compared  to  a  c.r  h 
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Waight  ol*  bear, 


Weight  •  pLt  (?h  ♦  2a) 


H'lnor.*.  at  base  of  beam 


M  •  * 


31  WaL* 

T  T" 


I  „  2at(h/2r 

c  1 

6 

.  2i:Lt(k'L/2)‘ 


kk 1 lc t 


i  i r^ie  kvL 

kn'L  tS  *  — 


Weight  s  pL  x  (2k'L-*-2kL) 
"  #r  (k‘*k)  x  wL3 


Thus,  for  a  beam  (or  wing)  of  given  proportions  tnu  which  is  designed 
for  bending  strength,  Weight  ~wlA 

The  weight  of  the  sane  beam  is  now  considered  when  it  is  designed  for 
rigidity. 

Deflection,  A ,  must  be  m  oroportion  to  length,  L.  That  is 


Also, 


A-  k"L 

T  Ij. 

A-  waL 

wr 

I  =  2at(h/2)‘ 
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•  2kLt(k'L/2)2 

.  kk,2lL3 

2 

a  ■  kL 


A* 


k"L  • 


wkL  n  L14 
8Ekk‘ZtL^ 

>.L2 

lik,2Et 


t 


wL 

U'2k"E 


Weight  ■  pLt(2h+2a) 


■  p  -L- -x.vl-  x  2L(k'+k) 
Lk<  k" 


( k+k ‘ )  t3 
a  p  — h-  x  wL 

2k'  k“ 


3 

Again,  Weight  -^wL 

A  duct  car:  also  be  considered  as  a  cylindrical  membrane  loaded  with  a 
uniform  pressure,  w,  and  designed  for  bursting  strength.  It  has  con¬ 
stant  proportions  such  that: 
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Weight  of  cylinder  ■  pDLt 

•  kpD^t 

Burs  ting  load,  vLD  «  Bursting  strength  2tLS 
„  wLD 

t*7B 

23 

Weight  ■  x  wD'1 

Again,  weight  ^w  x  (linear  dimensions)^ 

The  above  three  analogies  indicate  that  a  duct  that  is  designed  only  to 
resist  imposed  aerodynamic  loads  will  have  weight  proportional  to  wD^. 
However,  much  of  a  duct  is  designed  merely  to  support  its  own  weight  and 
to  withstand  accidental  wear  and  tear.  This  is  analogous  to  an  airplane 
fuselage.  Reference  (1$),  Fi *ure  38,  gives  airplane  fuselage  weight  as: 

Fuselage  Weight  ■  constant  x  L  (B  +  H) 

L  *  length 

B  =  width 

H  =  height 

2 

Or,  Weight  ^(linear  dimensions) 

Reference  vb)  also  shows  fuselage  weight  as  varying  between  airplanes  of 
different  speeds.  The  effect  of  speed  on  fuselage  weight  is  shown  below: 

From  Figure  38,  for  L  (B  +  H)  =  1000  f^ 

W  =  2I4.OO  lb  for  V  =  300  knots 

W  =  ij.900  lb  for  V  =  500  knots 

In  general,  it  can  be  said  that: 

A  A  n 

wi  \V 
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Exponent,  n,  c.*r  be  deUjrmi'cd  by  substituting  known  values  of  W  and  V. 

li  o  J  5 
TUTS  l  3BB 

n  *  l.Ii 

This  can  be  apoli^o  to  duct  loading  by  using  the  relation  between  3pecd 
and  aerodynamic  lording, 


A  reneral  expression  tor  duct  weight  can  now  be  stated. 

Wp  ■  kD  w 

based  on  the  wing  and  fuselage  analogies, 
m  *  2  to  3 
n  =  0  to  1 

The  value  of  n  =  .7  derived  above,  is  used. 

k  and  m  are  determined  by  substitution  of  two  sets  of  known  values,  with 
the  limit,  m  =  2  to  3,  used  as  a  check. 

Duct  Weight  Data 

Case  1.  Hiller  Model  1031-A  Flying  Platform 
Reference  (16),  page  13 

Duct  diameter  (ID)  =  60  inches 

Weight  =  22.0  lbs 
Disk  loading  =12.5  psf 
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Jloto  Trio  proportions  of  the  Hodol  1031A  duct  and  the  ducts  in  this  re 
port  ar  constant,  namely; 

CO  -  l.?7  ID 

Height  •  ,2t 7  ID 

C  u.  .  A  duct  of  31  .2  feet  ID  *ith  w  **  35  psf  is  desired  provision¬ 
ally  a. id  its  itiight  estimated.  The  duct  ir  visualized  as  having  con¬ 
ventional  airplane  ft'selngv  t.vpe  construction.  (This  would  be  conser¬ 
vatively  heavy.) 


The  weight  of  an  airplane  fuselage  of  equivalent  size  can  be  obtained 
from  Figure  3 r,  Reference  15. 

L  =  n  x  average  diameter 


(31.2  +  39) 


=  11 Q  ft 


H  “  9  ft 
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B  •  L.2  ft 

L  (B  ♦  H)  •  110  (9  ♦  !i.2)  ■  Ui50  sq.  ft 

For  a  300  knot  airplano  this  gives  fusolage  weight  *  5000  lbs.  Apoly- 
ing  this  data  to  the  formula, 

W.  ■  kl/V7 
VL  D  w 

j 

5000  lb  31.2  ft  35  psf 
22  5.0  12.5 

By  trial  and  error  k  *  .051i2  and  m  ■  2.6  are  found  to  satisfy  the  above 
data. 

WD  •  .05ii2D£*^w'?  (per  duct) 

Duct  weight  per  ship,  in  terms  of  V/,  and  w 

T 

w-7 

(per  ship) 


2.1*  Engine  Weight 

Reference  (9),  Chart  I,  shows  the  predicted  weight  of  shaft  turbine  en¬ 
gines  up  to  1965.  Interpolating  between  curves  to  1962,  and  allowing 
for  engines  not  being  of  the  size  that  gives  the  lowest  weight  per  power, 
it  is  estimated  that  engines  will  weigh  .32  lb/hp.  This  is  at  standard 
sea  level,  with  no  ram  effect,  and  ignoring  lift  obtained  from  downward 
jet  exhaust. 

p  at  6000  ft  and  95°F  =  19.5/30.0  p  at  sea  level. 

Engine  specific  weight  at  6000  ft  and  95°  =  .32  x  30.0/19.5. 

=  .1*92  lb/hp 


IV-15 


CONFIDENTIAL 


CONFIDENTIAL 


ARD  124  CONTRACT  DA  4*1-177  TC-382 


for  W. 


W 


oil 


W 


start 


W 


cowl 


25000  lb, 

35  psf ,  1*  ducts: 

3.8  x  8  ♦  .089  x  8,0?  (1730)*908  ■  58 

.29  x  8*“°  (1730)*60  ■  73 

■173 
33  lb 


1868  lb  325  lb 

W-  9790  lb  1730  lb 

^are 


f  mo\n .  325 

J  H5B 

n  -  .87 


A  - 


1868 

(9790)* 07 


.890 


.890  W, 


*b 


are 


.87 


=  .1*90  (.0117  WQ  l IV  ),8? 

^EA  =  WG*8^  w*^  (per  ship) 
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2.6.  Structural  Weight  (Beans,,  Vf^g 


The  method  used  in  deriving  an  expression  for  structural  weight  was  as 
follows: 

(a)  Overall  sketchs  of  one  3-duct  configuration  and  one  h~duct  con 
figuration  were  made  to  scale. 

(b)  Provisional  designs  were  nade  of  the  structure  for  each  configura¬ 
tion. 

(c)  The  weight  of  each  structure  was  calculated. 

(d)  A  theoretical  expression  for  structural  weight  was  derived. 

(e)  Weight  data  calculated  iron  the  crovisionai  designs  was  used  to 
evaluate  constants  ir  the  theoretical  weight  expression. 

2. 6. a.  3-Duct  Configuration 

w  ■  35  p3f 

V;Q  -  80,000  lbs 

The  first  3-view  drawing  shows  the  3-duct  configuration  with  w  a  35  psf 
and  Wq  3  80,u00  lbs.  There  are  three  engines  per  duct,  driving  counter¬ 
rotating  propellers  through  transmissions  located  centrally  in  each 
duct.  Each  set  of  three  engines  is  grouped  around  a  pylon  which  extends 
downward  to  the  landing  gear.  Each  duct  is  connected  to  its  engine 
nacelle  by  four  spokes,  and  two  of  the  interconnecting  beams. 

Figure  16  shows  the  arrangement  of  the  spokes,  beams,  pylons,  and  power- 

plants.  The  upper  er.d  of  each  pylon  is  a  ring  to  which  are  attached 
two  beam  upper  .longerons  ana  four  auct  spokes.  Six  other  spokes, 
arranged  conically,  extend  downward  to  the  landing  gear  strut. 

Each  engine  is  nested  between  two  of  the  conically  arranged  spokes,  and 
each  transmission  is  in  the  center  of  a  ring.  The  weights  of  the  vari¬ 
ous  aircraft  components  are  distributed  over  the  structure  as  is  shown 

in  Figure  17. 

Provisional  Beam  Design  for  3-Duct  Configuration 
The  beams  were  designed  to  the  following  conditions: 

Maximum  vertical  load  (crash  load)  =  8.g  ultimate. 
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Obstruction  loads,  applied  at  base  of  landing  gear  »  3.5g  limit, 
vertical  and  1.75g  Unit,  horizontal  in  any  direction. 

In-flight  load  factors  are  expected  to  be  less  than  those  encountered 
in  landing. 

Margin  of  safety  ■  1.0 

Construction  to  be  of  202bST  A1  Alloy  tubing 

Ft  -  61i000  psi 

F,  B  1*2000  psi 

ty 

To  avoid  local  instability  failure,  tubing  diameter/wall  thickness 
was  held  ■  30. 

Each  beam  consists  of  an  upper  and  lower  tubular  longeron,  spaced  2.6  ft 
on  centers  with  diagonal  bracing  of  tubes  set  off  at  h5°.  The  tubing 
diameters  were  calculated  to  accommodate  the  loading  conditions,  the 
longeron  cross-section  area  varying  in  uniform  steps  from  one  end  of  the 
beam  to  the  other. 

Cross-section  properties  of  the  longerons  and  diagonals  were  determined 
to  be  as  shown  in  Figure  18< 

Main  Beam  Weight,  3-Ducts 

Specific  weight,  p,  of  202hST  =  .101  lb/in 

Diagonals 


Weight  =  pV 

=  .101  LA  =  .  101L  A 

“  .101  x  2  x  x  17:62 

cos  u5 

=  153.8  lbs 

Longerons 

Average  area  =  ' —  =  8.5l  in^ 

Length  =  2.6  x  12  x  k  x  8  =  99 8  in  (Conservatively  consider¬ 
ing  that  beams  extend  to  pylon  centers.) 

Weight  =  8.51  x  998  x  .101  =  857  lbs 
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Total  Weight  of  Main  Bean 

Total  weight  •  857  ♦  U8.8 

■  1015.8  lb  per  beam 

■  30l»8  lb  per  ship 

2.6.b.  Provisional  Beam  Design  for  h-Duct  Configuration 

The  second  3-view  drawing  shows  tne  h-duct  configuration  with  Wq  ■ 

60,000  lb  and  w  ■  35  paf.  There  are  two  ongir.es  per  duct,  but  otherwise 
the  pylons  and  beams  are  of  the  same  typo  as  on  the  3-duct  configura¬ 
tion. 


The  weights  of  the  various  alrcraf t  components  are  distributed  on  the 
structure,  as  is  shown  in  Figure  19.  The  loading  conditions  are  the 
same  as  were  used  for  the  3-duct  configuration,  namely: 


Crash  loading  ■  8.g  vertical,  ultimate 

Obstruction  load¬ 
ing  at  base  of  *  3.5g  vertical,  limit  and  1.75  horizontal,  limit 
landing  gear 


Margin  of  safety  s  1.0 

Construction:  202hST  A1  Alloy  Tubing 

F^  =  6h,000  psi 

F.  =  1*2,000  csi 
ty  ’ 

D/t  =  30 


A  provisional  design  shown  in  Figure  20  was  made  of  the  beams  with  the 
spacing  between  longerons  and  the  crocs  secticn  areas  oi  numbers  deter¬ 
mined  to  accommodate  the  loads.  The  cross-section  areas  of  members  vary 
in  uniform  steps  from  one  end  of  the  beam  to  the  other. 


Provisional  Design  of  Diagonal  Beams,  ij-Duct  Configuration 


See  Figure  20 


Longerons 


Average  area 


11.65  +  7.00  _  n  „  ,_2 

- 9 - y„32  in 


Length  =  b7  x  12  =  561±  in 
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Weight  •  (9.32)  (561i)  (.101)  •  530  lbs 

Diagonals 

2 

Average  area  •  3.98  in 

Length  •  2.35  x  12  ■  26.2  in 
Weight  •  (20)  (.101)  (28.2)  (3.98)  •  226  lbs 
Total  Weight  of  Bears 

Total  weight  -  2(530)  ♦  226.  -  1060.  ♦  226.  -  1286.  lbs 
Provisional  Design  of  Outer  Beans  with  Winch 
See  Figure  20 
Longerons 

Average  area  ■  ■  9.15  in^ 

Length  •  36  x  12  ■  1*32  in 
Total  weight  -  (9.15)  (1*32)  (.101)  ■  1*00  lbs 
Diagonals 

2 

Average  area  «  3.1*5  in 

Length  =  2.55  x  12  *  30.6  in 
Weight  •  (11*)  (.101)  (30.6)  (3.1*5)  =  150  lbs 
Total  Weight  of  Beam 

Total  weight  =  2(1*00)  +  150  =  950  lbs 
Provisional  Design  of  Outer  Beams  without  Winch 
See  Figure  20 
Longerons 

Average  area  =  =  6.55  in^ 

Length  =  32  x  12  =  3^1*  in 
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Weight  ■  (6.55)  (381i)  (.101)  •  2SU  lbs 

Diagonals 

Average  area  ■  2. ,  2  in4. 

Length  ■  2.30  in 

Weight  ■  (Hi)  (2.30)  (2.72)  (.101)  ■  to  lbs 
Total  Weight  of  Beam 

Weight  -  (2)  (251i)  ♦  *JD  •  508  *  80  -  596  lbs 
Total  Weight  of  Beans  of  Shir 

Total  weight  ■  2  |l2Jc  *  050  ♦  .','6^  a  2(2032  3  5660  lbs 
2.6.c.  Beam  Weight  Equation 

The  main  bea  s  are  basically  considered  to  be  staple  beans  with  concen¬ 
trated  loads.  The  bean  aeoth  is  proportional  to  length  and  the  section 
area  cf  the  beam  flanges  is  varied  to  accommodate  the  bending  load. 

The  weight  of  s  ch  a  beam  illustrated  is  now  investigated. 


i 


i 


i 


kL 


k-L 
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SI 


Moment,  M  •  PL  *  -g- 


I  •  2  (at) 


h2 


2  3 

tK  K'  V 


h 

7 


k'L 

T" 


2  k»2j3 

PL  .  ^  x  stK  l^L 


PL  *  SK  K'L  t 
P 

L  "  SKK'L 


Weight  of  beam  a  pL  x  (2ath)t 

=  p(2K*K')L2  x  P 


SKK'L 


.  0  (SK-K- )  p,2 

p  sia^  x  PL 


Weignt  ^  PL' 


In  the  case  of  the  Flying  Crane  beams,  P  corresponds  to  W q  and  L  corres¬ 
ponds  to  duct  diameter,  D,  which  is  proportional  to  (Wp/w)l/2.  In 
general.  , 


wr 

wsb  =  KxWg  T 


w 

=  K  G 


3/2 


,1/2 


For  3-ouct,  80,000  lbs,  35  psf,  WgB  =  30U8  lbs 

1/2 


K  = 


V 


W, 


3/2 


G 
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•  331,9  .  .000805 

(80,000)J/ 

.000305  W,3'2 

W3B  * - 175 —  **or  ^’tiucts 


For  h-duct,  80,000  lbs,  35  psf,  We, 

DO 

„  5660  x  .000805 

x - 35SB - 


•  5660  lbs 

•  .0011*98 


.0011*98  mJ^2 


per  ship  for  h-ducts 


2.6.d.  Provisional  Pylon  Design 


Using  the  pylon  design  and  the  loads  from  Section  2. 6. a.,  a  provisional 
design  was  made  of  a  pylon  for  the  3-duct  configuration.  The  cross- 
section  areas  of  the  pylon  spokes,  ring,  oleo  strut,  and  oleo  piston, 
were  determined.  They  are  shown  in  Figure  21. 

The  pylon  weight  is  calculated  below: 

Pylon  weight,  3-ducts,  Wn  =  30,000  lbs,  w  =  35  psf  (202LST  A1  Alloy 
tubing  construction) 


Length 
Average  diameter 

Wall  thickness 
Volume 
Weight 


=  tt  x  it. 5  x  12  -  169.8" 

=  =  12.56" 

=  If- 4  .  .U," 

=  169.8  x  12.56n  x  .Id*  «  291*3  in3 
=  .101  x  291*3  *  297  lbs 
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Inner  Spokeai 

ToUl  length  •  (6)  x  5.5  x  12  ■  396“ 
Average  diameter  «  ^  •  3.77" 

Wall  thickness  ■  ',yl  ^  •  .13" 

Volune  •  396  x  3.77n  x  ,13 
■  609  in'1 
Weight  •  61.5  lbs 
Oleo  Cylinder: 

Length  -  8.7'  x  12  ■  10h" 
Average  diameter  ■  1-3.62  *  1^.72  .  13. 17« 

Wall  thickness  •  x  2 


..90 11 

Volume  a  10li  x  13.17n  x  ,90  B  3870  in^ 
Weight  -  3870  x  .101  a  392.  lbs 

Oleo  Piston: 

Length  =  travel  +  3  diameters 
=  16"  +  36"  =  52" 

Average  diameter  =  12*^2  *  11,70  =  12.11" 

Wall  thickness  -  12‘^"  jj^72  x  2  =  t8QM 

Volume  =  52  x  12.11ir  x  .80  =  1580  in^ 
Weight  =  1580  x  .101  =  160  lbs 
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Oleo  Braces t 


Length  ■  2  x  8  x  12  ■  192" 

Average  diameter  •  — —  ^  •  5.02" 

Wall  thickness  *  —  l  ^  ■  .18" 

Volune  *  192  x  S.02n  x  .18  •  515  inJ 

Weight  ■  ShS  x  .101  ■  55  lbs 

Pylon  tubing 
total  weight  ■  55.0 
160.0 
2L5.0 
61.5 
297.0 
7 IB. 5  lbs 

+  101  for  fittings  ■  72.0 

+  Foot  =  250.0 

I&16.O  (Total  weight  of  one  pylon,  for  external 
loading,  3  ducts) 

W£p  -  3120  lbs 

2,6.e.  Derivation  of  General  Equation  for  fylon  Weight 

A  general  equation  for  pylon  weight  is  now  derived.  To  do  this,  the 
manner  in  which  pylon  height  varies  with  Wq  must  be  investigated. 

Figure  20  shows  the  parts  of  pylon  length  for  a  ship  of  Wq  =  6I1OOO  lbs 
and  w  s  35  psf. 

Minimum  ground  clearance  =  duct  diameter  x  sin  2°.  Duct  diameter  varies 
with  WqV 2.  Beam  depth  =  2.5'  for  Wq  =  65000  lbs.  Beam  depth  varies 
with  WqV3. 

W  ^  W  ^ 

Pylon  height  =  11.5  ♦  2.5  x  ^  ♦  .5'  x  ^ 

Ht  111.  5'  15.36 

C  6H000  ISBooo 

(i 
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IT  OOOn  15.36 
*  iii.t 

n  ■  «08Ii 

qQ 

The  p/lon  1 3  likened  to  a  bear,  whose  lentfuh  /v/  and  whose  section 

proper  t  ea  are  varied  to  accomodate  the  benain*/  load.  Its  section  lias 
constant  .■>  opo»*tions,  as  shown  in  t<c  sketc*  i  elow: 


P 
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M  FL 


L  k  F 


51 

u 

0 

•  •  w 


I  3  at  (n/?)? 


a  -  k  •  n 


t  -  k*'h 


i  -  ™ 


r  •*» 
C  -  i 


PL  -  k  ? 


1  .Oilj 


7T  -  S  k'k"h3 


h  - 


h  ~  P 


k  P 


.06b 


1/3 


S  !:•!:>' 

.362 


Weight  '^Lh' 

^p.O  >h  ♦  2  x  .362 

,  -'P*’j0B 

General  Expression  for  Pylon  Weight 
By  analogy  with  simple  beam 

WSP  - K  V3oe 


w 


SP 


w. 


"BoB 
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Fur  3-c  cts,  VL  ■  90,0<v*  li  external  ?  WCp  ■  3U0  Its 


x  •  -  V 


575  '  ’ 


,11,  - 


Fx  Iruuctn, 


jr-S 


W 


J  y  > 


SR  *3  '  U 


x  Wgp  i or  3-ducts 


*  l.CU  /.  Wgp  iox  3-ducun 

■  1.06  x  .3/;2 

-  .361 

Wgp  ■  .3L2W,  * (loi  3-ducts) 
Ws  «  .36Wg''°®  (or  ii-cucts) 
1.7  Su,  ’ctural  Agrees  ries  Weight, 


Structural  a ■•cessnriej:  *.s..rl  if  ^  controls,  hydra*. _i  in.  e.e:~ 
trie  systers,  f  j,ni.,i!ii.f's,  a t>r  oh.  ir .  Reje:ence  11,  page  '  J,  r/es 
the  following  e/pressionr  lor  the  iirst  three: 


W 

contra  s 


.',12  W-08 

G 


W  ,  ,  .  361  VL 

•i,yc  ana  elec  G 


.  /I 


VP  .  =  .08?  VP' 

lui'nish  G 


These  three  expressions  can  be  replaced  cy  one  expression  of  the  :  oi  m, 
WSA  ■  K  V  -  50 


K  and  n  are  evaluated  below; 
n 


VP  +  W'  ,  +  W>  *  30 
con  hyn  i  urn 

W'i"  w»u  ,  w»  ... 

con  +  hyd  +  furn  +  30 
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i  ic  constant  K  is  the  rat.o  of  fuel  weight  to  fuel  weight  plus  tank 
weight.  It  is  ausu^ed  that  the  jet  fuel  weight  is  6,5  pcuidt  per 
gallon  and  the  tank  weight  ia  0.5  pounas  F*'r  gallon. 


Hence, 


*P 

The  payload  ratio  la  the  ratio  of  weight  of  payload  plus  crew  to 
viss  weight.  '  V/p  is  -ho  weight  uf  cargo  and  crew.  The  crew 
is  assuned  tj  weigh  c x/Q  pounds. 


Hence,  VL  ■  W  ♦  600  ■  P  ♦  uOJ. 

’  P  cargo 

Ratio  o.  fuel  availaole  to  gross  weight  is  presented  in  the  following 
final  form* 
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FLYING  CRANE  (DUCTE2  PAN  PHASE)  -  DETERMINATION  OF  FUEL  AVAILABLE 
table  :  -  Exm  weight  expression  •$* 


ROTORS 


TRANSMISSION 


ENGINES 


STRUCTURES 


OTHER 


.03835 


7I7F  TCTTTTw 


H  ■  1  for  w  ■  10  psf 
H  •  2  for  w  >  10  psf 


,  .375  w  1.32  I 

+  .001u7^  ”j"|  -737-  .Cil^/7  |  .0101W0*  w,W4  4 


♦  For  Internal  Loadin 


5  ■  nunbor  of  ducts 

n  ■  3  for  w  *  10  psf 
and  b  ■  h 

n  ■  h  for  w  >  10  psf 
and  b  -  li 

n  ■  h  for  w  ■  10  psf 
and  b  ■  3 

n  ■  5  for  w  >  10  psf 
and  b  ■  3 


k  •  .000805 

for  3  ducts  k  •  5.3 2  for  3  ducts 


k  •  .001L98 
for  3  ducts 


k  ■  5.6L  for  It  ducts 


For  External  Loadin 


k(VQ-W  ?f/3 
k  ■  2. Oli  for  3  ducts 
k  ■  2.23  for  L  ducts 


3.962Wq*67-50 


273* .  10ijW„ 
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7.  PARAMETRIC  STUDIES 


1.  BASIC  PARAMETERS 


The  basic  parameters  in  this  study  are  number  of  ducts  b,  gross  weight 
Wq,  payload  P,  disk  loading  w,  mission  radius  R,  and  hover  time  tfj. 
Radius  and  hover  time  are  not  included  in  the  parameters  of  fuel  avail¬ 
able  study.  Number  of  ducts  is  eliminated  in  fuel  required  study  by 
two  assumptions.  One,  the  specific  fuel  consumption  is  assumed  to  he  a 
function  of  total  horsepower  rather  than  a  sum  of  functions  of  individ¬ 
ual  engine  horsepowers.  Secondly,  the  power-correction  factor  kc  that 
takes  into  account  the  effect  of  control  moments  is  assumed  to  be  l.Oh 
for  both  configurations. 

The  values  of  parameters  that  are  used  in  fuel  to  weight  computations 
are  written  in  the  following  matrix  form. 


b 


w 

WG 

60,000 


lh0,000 

180,000 


2.  RESULTS  OF  FUEL  TO  WEIGHT  RATIO  COMPUTATIONS 


Required  R^ 


With  other  parameters  constant,  Rp  increases  with  increasing  radius, 
disk  loading,  and  hover  time.  This  is  as  expected.  Similarly,  Rp 
decreases  slightly  with  increasing  payload.  The  decrease  in  horse- 
power  required  in  return  flight  with  increasing  payload  is  responsible 
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for  this  change.  These  tronos  oi*  the  variations  of  parameters  on  the 
Rp-M  plot  are  presented  in  Figures  22,  23,  2b,  and  25.  The  figures 
also  show,  that  with  all  these  parameters  constant,  Rp  increases  with 
increasing  cross  weight.  The  increasing  ratio  of  horsepower  required 
to  gross  weight  with  increasing  gross  weight  in  return  flight  produces 
the  variation. 

Available  R~ 
r 


Available  Rp  is  affected  mainly  by  gross  weight,  payload,  and  disk 
loading,  see  Figures  26  and  27.  The  curves  show  that  Rp  increases  with 
design  gross  weight  Wq,  leveling  off  in  the  region  where  Wq  is  very 
large  compared  to  payload. 

Figure  26  indicates  that  up  to  a  certain  disk  loading,  Rp  increases 
with  w.  Above  tlint  value  of  w,  Rp  decreases  again.  This  is  due  to  the 
large  weights  of  structure,  ducts,  anu  rotors  for  low  disk  loadings. 

On  the  other  hand,  at  high  disk  loadings,  w,  the  engine  weight  is  con 
siderable.  For  any  given  design  gross^weight,  the  empty  weight  has  a 
minimum  in  the  region  of  w  ■  150  lb/ft^. 

The  increase  in  wei  ,'ht  of  ducts  and  connecting  structure  is  slightly 
more  than  the  corresponding  increase  in  the  design  gross  weight.  This 
tends  to  penalise  Urge  size  so  that  at  very  large  values  of  Wq,  Rp 
actually  decreases.  Likewise,  for  a  given  Wq  the  h-uuct  configuration, 
having  smaller  wucts  than  the  3-duct  configuration,  will  have  a  lower 
duct  weight.  However,  it  will  have  a  larger  structural  weight,  so  the 
net  difference  is  small.  See  Figure  20. 

3.  RESULTS  Or  OPTIMIZATION  STUDY 


The  required  ana  available  fuel  to  weight  ratios  are  plotted  for  all 
combinations  of  payload,  disk  loading,  radius,  hover  time,  and  duct 
configuration.  The  intersections  of  the  required  and  available  Rp 
curves  give  the  possible  combinations  of  gross  weight  and  disk  loading 
to  carry  out  tne  mission.  The  optimum  ship  for  tne  mission  is  the  ship 
of  least  gross  weight.  Figure  ?9  is  a  typical  intersection  plot  which 
illustrates  the  method  of  obtaining  the  optimum  ship.  Trends  of  varia¬ 
tions  of  payload,  hover  time,  and  radius  on  gross  weight,  disk  loading, 
and  fuel  to  weight  ratio  are  presented  in  Figures  30,  31,  ana  32.  As 
shown  by  the  graphs,  with  other  parameters  constant,  the  gross  weight 
increases  with  increasing  payload,  hover  time,  and  rad ‘ as, the  optimum  disk 
loading  decreases  with  increasing  hover  time  and  radius  and  increases 
with  increasing  payload;  the  fuel  to  weight  ratio  increases  with  in¬ 
creasing  payload,  hover  time,  and  radius.  The  difference  between  3  and 
h  duct  configurations  of  the  optimum  ships  is  small  in  general.  The 
largest  difference  lies  in  the  region  of  small  radius  and  large  payload 
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TABLE  II  -  LIST  OF  OPTIMUM  SHIPS  FOR  3-DUCT  CONFIGURATION 


p 

Range 

Si 

«p 

K0xlO 

3  w 

XTNRP 

JCTNRP 

Ktnrp 

Lbs 

Naut. 

Kin. 

Lbs 

Lb./ft2 

Fwd. 

Ret. 

Avg. 

Miles 

Pit. 

Fit. 

16,000 

10 

0 

.01*3 

36.3 

131* 

71*. 5 

31.5 

53.0 

15 

.072 

38.9 

111 

30 

.103 

1*3.7 

88 

20 

0 

.062 

38.3 

116 

15 

.085 

1*2.0 

9U 

30 

.115 

1*6.1* 

80 

50 

0 

.110 

1*1*.  2 

92 

1*5.2 

60.8 

15 

.135 

50.0 

71* 

76.1* 

30 

.157 

56.8 

66 

100 

0 

.190 

62.1* 

75 

15 

.207 

73.8 

67 

30 

.230 

90.0 

59 

21t,000 

10 

0 

.01*2 

51*.0 

178 

15 

.073 

60.6 

116 

30 

.105 

67.3 

88 

20 

0 

.065 

58.0 

136 

15 

.095 

61*. 5 

101 

1*2.7 

59.3 

30 

.118 

71.1 

80 

75.8 

50 

0 

.107 

67.8 

85 

i5 

.11*0 

76.6 

81 

30 

.166 

88.8 

7U 

100 

0 

.193 

101.0 

75 

15 

.220 

130.1* 

72 

30 

.255 

180.1* 

70 

32,000 

10 

0 

.01*0 

71.3 

197 

15 

.072 

79.9 

116 

30 

.109 

91.0 

100 

20 

0 

.068 

77.0 

161 

15 

.098 

86.7 

105 

30 

.127 

98.0 

92 

50 

0 

.118 

93.3 

ioU 

15 

.11*7 

107.0 

90 

30 

.176 

126.0 

82 

51*.5 

65.0 

100 

0 

.210 

156.5 

86 

75.5 

15 

30 


v-U 


“b  W8A  Msb  W3P  WD  w34  W0  WP  'Vd 

1800  920  510  161*0  3500  21*70  1*52  2750  11*00 


5000  920  1020  2120  9200  3070  1*98  1*100  2120 


7500  117  1650  281*0  10800  3890  562  5700  3390 


19,200  255  1*950  5390  25800  6650  781  12200  9550 
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TABLE  II  -  LIST  OF  UPTUCIK  SHIPS  FOR  6-DUCT  CONFIGURATION 


p 

Range 

«F 

w0*i°- 

•3  w 

JtTNRP 

ITNRP 

*TKRP 

Lbs 

Raut. 

Min. 

Lbs 

*—> 
c r 

> 

r't\> 

Fwd. 

Ret. 

Avg. 

Niles 

Fit. 

Fit. 

16,000 

10 

0 

.01|0 

35.8 

150 

76.5 

30.5 

52.5 

15 

.073 

39.1 

108 

76.7 

36.9 

5L.8 

30 

.103 

L3.6 

91 

75.2 

39.1 

57.2 

20 

0 

.059 

38.2 

112 

76.5 

33.9 

5 h.2 

15 

.090 

1*2.0 

98 

75.0 

37.6 

56.2 

50 

30 

.120 

1*6.3 

8L 

75.6 

61.2 

58.1* 

0 

.105 

L3.8 

88 

75.6 

39.8 

57.6 

15 

.liiO 

50.0 

79 

75.7 

66.0 

59.9 

30 

.162 

56.3 

72 

76.6 

68.7 

62.7 

100 

0 

.196 

62.6 

79 

76.0 

50.1 

63.1 

15 

.216 

lh.2 

72 

76.6 

56.8 

65.7 

30 

.265 

91.9 

65 

77.5 

59.7 

68.6 

2L,000 

10 

0 

.062 

53.0 

175 

76.5 

30.8 

52.7 

15 

.075 

60.0 

102 

76.8 

36.0 

55.1* 

30 

.112 

67.0 

95 

75.0 

60.3 

57.7 

20 

0 

.060 

56.8 

110 

76.6 

33.8 

5 h.2 

15 

.091 

61*  .0 

95 

75.1 

38.7 

56.9 

50 

30 

.125 

72.2 

81* 

75.6 

63.1 

59.1* 

•  0 

.107 

68.7 

85 

75.5 

61.5 

58.5 

15 

.160 

77.7 

81 

75.7 

65.2 

60.5 

100 

30 

.162 

88.7 

70 

76.8 

50.0 

63.ii 

0 

.182 

99.7 

70 

76.8 

52.8 

6I1.8 

15 

.220  132.8 

70 

76.8 

58.6 

67.7 

30 

.260  216.0 

65 

77.5 

66.5 

72.0 

32,000 

10 

0 

.oia 

72.0 

175 

76.5 

31.8 

53.2 

15 

.076 

80.3 

120 

76.5 

36.1 

55.3 

20 

30 

.111 

90.6 

106 

76.7 

39.9 

57.3 

0 

.071 

77.8 

11*5 

76.5 

36.6 

514.6 

15 

.099 

86.0 

108 

76.6 

38.6 

56.5 

50 

30 

.133 

98.5 

99 

76.9 

62.9 

58.9 

0 

.121 

96.1 

111 

76.5 

61.8 

58.2 

15 

.153  108.5 

90 

75.3 

66.0 

60.7 

30 

.178  130.6 

86 

75.5 

50.9 

63.2 

100 

0 

.210  166.2 

83 

75.6 

55.7 

65.7 

15 

.269  208,0 

82 

75.7 

59.8 

67.8 

WE  WEA  WSB  WSP  WD  WSA  W0  WP  WTD 


5100 

850 

800 

1710 

2800 

2660 

650 

2650 

1100 

6600 

760 

1180 

1850 

6000 

2600 

662 

2950 

1220 

6900 

800 

1680 

2020 

5000 

2790 

678 

3660 

1630 

6650 

790 

1090 

1820 

3700 

2560 

659 

2830 

1200 

6900 

790 

1380 

1950 

6600 

2720 

672 

3220 

1360 

5000 

810 

1650 

2110 

5600 

2900 

687 

3720 

1550 

6750 

790 

1500 

2025 

5100 

2800 

678 

3650 

1620 

5300 

850 

1880 

2250 

6200 

3060 

699 

6000 

1700 

5600 

880 

2380 

2670 

8200 

3320 

519 

6680 

2000 

6500 

1060 

2650 

2700 

8600 

3570 

538 

5050 

2300 

7300 

1160 

3670 

3100 

11500 

6000 

572 

6190 

2900 

8500 

1290 

5600 

3690 

16500 

6630 

620 

7850 

3860 

8100 

1250 

1600 

2360 

6300 

3180 

508 

3690 

1860 

7000 

1090 

2300 

2600 

7200 

3670 

530 

6580 

2180 

7600 

1160 

2810 

2810 

8650 

3760 

551 

5260 

2530 

6800 

1080 

2000 

2690 

6350 

3360 

520 

6260 

2010 

7250 

1100 

2620 

2750 

8200 

3620 

562 

5000 

2390 

7700 

1200 

3250 

3025 

10100 

3930 

566 

5810 

2800 

7600 

1160 

3000 

2900 

9650 

3790 

555 

5500 

2600 

8100 

1260 

3670 

3210 

11250 

6125 

581 

6280 

3080 

8600 

1300 

6830 

3580 

16700 

6520 

612 

7620 

3670 

9700 

1630 

5780 

3950 

17150 

6890 

660 

8350 

6280 

12900 

1610 

8900 

6980 

26800 

5950 

725 

11150 

6260 

20200 

2830 

18300 

7500 

67600 

8660 

926 

18500 

11680 

11000 

1620 

2250 

3020 

6500 

3920 

565 

6760 

2790 

10200 

1500 

3300 

3310 

9700 

6220 

589 

5930 

3210 

10650 

1690 

6150 

3650 

12000 

6575 

617 

6900 

3760 

10900 

1620 

2750 

3220 

7850 

6130 

581 

5610 

3080 

10350 

1520 

3800 

3500 

11100 

6630 

606 

6520 

3520 

11350 

1650 

6860 

3910 

16000 

6860 

638 

7650 

6200 

11800 

1710 

6650 

3850 

12700 

6780 

632 

7250 

6090 

11900 

1760 

5850 

6260 

16600 

5190 

665 

8590 

6790 

16100 

2010 

7850 

6910 

21600 

5880 

720 

10650 

6100 

17200 

2600 

11100 

5900 

29600 

6870 

800 

13100 

8200 

21800 

3050 

15180 

7250 

39500 

8200 

902 

16650 

11000 
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VI.  CONCLUSIONS 


Contrary  10  the  power  re  uirvd  curve  of  the  helicopter,  which ..45  .  pro¬ 
nounced  minimum  at  for  am  sp*'ed  ccrre.  por.oing  to  a  tip  spreu  ratio  of 
approximately  0.«,  the  pow«r  myuim.  for  ?.  ducted  propeller  is  much 
lees  dependent  of  sp  3roadly  speak  Lg,  for  the  mm*  weight  ar.u  disk 
loading  a;  i  for  ‘he  pc  -u  rargt*  if.  ig  t^d.  the  power  rc*  :uir>**i  for  * 
4ucN*i  propeller  configuration  i3  abo^’  the  aw  as  that  of  th*  helicop¬ 
ter  at  its  speed  of  air.ir.uni  p  wer.  This  1  crease  if.  efficivnc;  L .  of 
course,  du-*  •  j  the-  0  r  ficnl  effect  of  the  shroud. 

How  vi  r,  if  the  shroud  is  laid  out  for  n  .'.mum  efficiency  in  howring, 
relatival,  larg«'  r.ose-up  pitching  moments  rc  generated  in  forward 
flight.  Tht  sc  pitching  moments,  which  h  vr  to  be  compensated  l  7  proper 
means  of  c<  .trol,  can  reprcnc  t  3erio  problem  and  should,  therefore, 
not  be  ov  rl  oked.  Th-*  rather  limiun:  t  j.ata  presently  avail  .hie  irj- 

dicat  thit  tn  s°  p*  chiog  mom  n'.„  cr  «  reduced  consider?!.  1  b  *  using 
1  shroud  form,  whlco  is  Los  «iv  n.taguou  hovering.  This  near.s  Lh  t, 
unless  a  hr  t.  r  typ**  of  shram  c  ,c  v  loped,  the  designer  h  s  to 
c  mpromis  b  *  o«*n  hovering  offlcie  c.  u  forward  fligh'  cha rc?  ris- 

C  LCr . 

If  no  audition  ]  me.i  „  of  propulsion  an  used,  i.e.,  if  the  '  >t.l  r-g 

is  overcome  by  Uv  hwruor.ta.1  campon  t,  f  th*%  thrust  V'CMr(.;),  1  rge 
forward  tilt  angles  ar  r  uj  pai  :i  forward  flight.  T)  certai:  ex¬ 
tent,  aefl  'C  .i(  ,  of  th*  slip-  '-n  .m  0/  va  os  has  th<  s'im-  «  ff  c* 

tilting  of  lh'  .’uct.  .  As  t  ilt  angles  up  lo  $0  ar  a- e tied,  tilting  if 
the  w.iole  fuse  Lag  i:  prac1  c  11,  o-  t  of  th  ^ues  io  .  This  no  ns  that, 
unless  ahdiuo  1  mo  a-  s  if  propul:  i.u  r  employed,  ither  th.-  ducts 
hav  t>  b  tilt'd  r  lat  v  »o  the  f uselag  or  tiia*  t'u  prmcipl  ofsl-p* 
tn  am  j  Cl  ct  .  h  3  .0  b  Th  -  possible  r  ;  g  of  pplicnti  »r.  d 

tffici*  ::c  of  the  la  r  is  0*  r  full  known. 

The  >th  r  p.*>  s.h;li\,  i  ■.  to  fmpLo.)  sopar  t  meins  of  propul  ::i  n.  uch  ? 
audition  1  prop  .IF  r...  T>  the  extrun-  ,  the  nircruft  would  h  vv  os  sen 
tiall .  z  r  rgie  of  hv  arr.ee  it  11  level  flight  condition  !vr  th« 
total  rag  is  >.v  rromc*  0/  t h»-  add  tior.aL  propellers.  Th-  mom*.,  turn 
tiie-.u’/  j.oic.  th  t.  ! *  this  can  '  < h<  to i,nl  power  r  m wired  for  f « » . rd 

flight  i..cr  os  00  s  d  rt..  1  • .  Acer  rdmg  to  Hiller's  truck  tests  f  ”h  •• 

flying  pl-.*J  ,n;t  t h  *  .,cs  -up  pi.  chi  rig  m<,me;  hs  Iso  incr  i  o. 

For  those  re-  so..s.  this  contr \c tor  pro.  e  tl  f  .vors  u  compromise  c 
sitting  of  slip-  r>  am  deflection  in  co  icction  with  a  propul "ive  pr  - 
pelL.-r  ,'J  slignl  forvr ;ni  tilt  of  th-'  aircr  ift  in  forward  flight. 

Whether  such  do  it ior.nl  propeller  is  r  -uired  or  n<  ■*  lep.  rds  L 

high  exteif  .Mi  b«:th  the  (  fficioncy  of  the  slip- stream  dcflectio:  m  -h<  : 
and  or:  the  st  lllr.g  characteristics  of  dueled  fan  m  forward  f li.jiu. 
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The  answer  to  these  problems  is  not  Known  at  present.  It  is  felt, 
therefore,  that  the  final  answer  on  the  best  method  of  propulsion  must 
bo  obtained  from  wind  tunnel  tests. 

The  missions  investigated  in  this  report  cover  the  following  ranges: 

Radius:  5  to  50  nautical  miles 

Hover  time:  0  to  30  minutes 
Payload:  16,000  to  32,000  pounds 

With  regard  to  the  optimum  ships  found  by  the  parametric  studies,  the 
following  statements  can  be  made.  Gross  weight,  disc  loading,  and  fuel 
to  weight  ratio  for  a  given  mission  are  affected  only  slightly  by  a 
change  in  number  of  ducts  from  3  to  L  per  ship.  In  general,  an  increase 
in  the  duct  number  from  3  to  a  decreases  the  optimum  disc  loading  and 
increases  the  minimum  gross  weight.  The  fuel  to  weight  ratio  remains 
practically  the  same. 

The  effects  of  the  variables  of  mission  (radius,  hover  time,  and  pay- 
load)  upon  the  design  parameters  of  the  ship  (gross  weight,  disk  load¬ 
ing,  and  fuel  to  weight  ratio)  may  also  be  expressed  in  general  trends. 
As  expected,  gross  weight  increases  with  increasing  payload,  hover  time 
and  radius.  Optimum  disc  .loading  decreases  with  increasing  hover  time 
and  radiu3,  and  increases  with  increasing  payload.  The  fuel  to  weight 
ratio  increases  with  increasing  payload,  hover  time,  and  radius. 

A  detailed  list  of  the  parameters  of  the  optimized  aircraft  is  given  in 
Section  V,3  of  this  report.  Broadly  speaking,  the  resulting  parameters 
lie  within  the  following  limits: 

Gross  weight:  36,000  to  208,000  lbs 

Disc  loading:  60  to  197  Ib/ft 

Fuel  to  weight  ratio:  O.Oh  to  0.260 

As  pointed  out  previously,  due  to  the  lack  of  basic  information  the 
above  results  are  partly  based  on  theoretical  performance  calculations 
derived  from  the  momentum  theory.  Interference  effects  have  been  ne¬ 
glected.  In  the  course  of  the  study  various  other  assumptions  had  to  be 
made  which  are  described  in  the  body  of  this  report. 

Although  it  is  believed  that  these  assumptions  are  realistic  and  that 
the  theoretical  developments  represent  the  present  state  of  the  art,  it 
should  always  be  borne  in  mind  that  for  the  final  design  of  a  successful 
ducted  fan  type  flying  crane  further  experiments  are  required  to  give 
the  answer  to  the  problems  still  unsolved  today. 
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VIII.  UST  OF  SYMBOLS 


W  woight  in  general,  lbs 

VT,  design  gross  weight,  lb3 

W  actual  weight  at  the  beginning  of  a  cruise  or  hovor  period,  lbs 
D  :ropeller  diameter,  ft 

2 

A  nropeller  disk  area,  ft 

2 

A  duct  exit  area,  ft 

e  * 

b  number  of  ducts 

2 

w  nominal  propeller  disk  loading,  Ib/ft  ,  parameter  of  parametric 
study 

W 

w  c  — 
bA 

2 

w  true  loading  of  duct  exit  area,  lb /ft  ,  used  for  forward  flight 
performance  calculations  and  assumed  to  be 

w  =  1 .  lw 

e 

T  propeller  force,  lbs 

for  hovering:  net  thrust  per  propeller -due t  combination 
for  forward  flight:  resultant  force  vector,  see  Figure  b 

M  figure  of  merit  for  static  thrust,  see  equation  (1) 

t  efficiency  factor  for  forward  flight,  defined  similar  to  M,  see 
equations  (2L)(2£) 

flight  velocity,  ft/sec 

Vg  duct  exit  velocity,  ft/sec 

Vc  vertical  rate  of  climb,  ft/sec 

Y  angle  of  climb,  deg 

e  velocity  ratio,  e  =  V  /V 

0  0 
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a  due*.  1 1  .  *<;4  dcr,  p*;u  /c  if  du-*  .s  *  u*  d  ;*cr..ard 

D  i ,<*  r  :  i  ir  *,  ’.i: 

i  * 

w 

D  ' :  u.  d  ji  . ... 

i  ,ir*  jr  :  s  f  ..  ;  ran  or  i* »  external  d  fi.vd  b'  coma  „i.  \lu' 

v 

1  j.o:  -  *» •  jr  5.>  U  *  rsndUir  for  »\v  drag,  ocfi.ied  by  cc.ua Ueu  ( ^ ) 
n  i  .sj  :’!  v  i  {  at-Ci.M'l,  lb  sue /ft 

.  v  ^  ^ 

v.  • 

f  '  U'«  t. .  1  !!'■  \!  Pili 

F  c  U  j  i  Figure  ? 

r 1  F'  i'.e  '  as  (27)(Jf)  c.’ii  /i  ;i:re  10 

T  .  ■*  i  .*u  I  lilt  ••  r  uneter,  a<  j  a;  F'gu:*:  5 

I 


u  :j1  '  rr;e  r.  ■’ 
n 


<u  '.cL-jrit,  posl^v.  no.;o-up,  defirtu  rs 


£l*_i  *V' 1!’' 

A  J 


.  /  c.ial  c.v-.TLc LDnts  foe  f  %er  c.. ;  ...red,  see  o-iuilj  n  (;d), 
5  :?  1 1;  t  >ui  r  nnjred  in  1*  •/e1  i\ .  *rl,df  to  cycc-ss  uo  r 

'  Liable  -c:  *  1  mi;  J 


( v"C  j  ,*;•  .j  'vaiJablo  ;*.,r  ’1  i.:1’  ),  ^  power  requir  i  f  i*  vo] 


r  1  f  •*  ' 
I  1  . i  <>  ) 


)(_  cl  m  op  i  ,  •  c.Vj  see  eque ..inn j  (V  1 '  J  . ) 


pi  .  ,  1  ;  j. 


ip  • » n  « 


tr  is'Mjsi.or  t  I’ic.'ur.cy 

T)  O'  c.  >,  ’  °[  C 


0  ^  \ 
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performance  correction  factor  that  takos  into  account  the  increase 
in  power  required  due  to  pitch  contro.  (di  :*<n*  Cal  inrust),  13- 
s  urned  to  be  l.Oli  at  70  knots 

2  _ 

p  dcnslt;  of  air,  lb  sec  ft  w 

q  dynamic  pressure,  lb/ft£ 

q  ■  vo2p/2 

HP  horsepc\for 

R  range,  nautical  miles 

SFC  specific  fuel  consumption,  lbs/HP/nr 


In  addition,  the  following  symbols  have  been  used  i  >r  Section  IV  ''D«’ri- 
vation  of  Weight  Equations1' : 


H 

k 

n 

ftp 

WG 

WR 


w, 


D 


Wr 


w, 


SB 


W, 


EA 


W, 


SA 


wc 

WI 

w. 


number  of  hubs  per  duct  (■  I  for  sir.-'le  "otatio-  ,  2  for  dual) 

constant.  Used  for  several  different  cases 

number  of  input  shafts  per  transmission 

fuel  weight/gross  weight 

gross  weight  ship 

rotor  weight 

transmission,  weight 

duct  weight 

engine  wei  it 

structure  weight  (pylons) 

engine  accessory  weight  (oil  +  tanks  +  starting  svstem) 

structural  accessory  weight  (electric  and  hydraulic  systems,  cabin 
furnishings,  and  flight  controls) 

"other"  weight  (instruments  and  radio) 
payload  (cargo  and  crew) 
cargo  weight 
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FIGURE  2:  FIGURE  OF  MERIT  VS,  DISK  LOADING 


Figure  of  Merit,  M 
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FIGURE  3 


FIGURE  3s  FIGURE  OF  MERIT  OF  SHROUDED  PROPELLER 
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FIGURE  5 


.FIGURE  I  AS  A  FUNCTION  OF  DISC  LOADING  AND  SPEED  (SEA  LEVEL) 
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FIGURE  6 


Y 


6 


VELOCITY  RATIO,  g  vs  1  (f  -  0) 
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FIGURE  8 


FIGURE  8:  DUCT  TILT  ANGLE,  a  vs  Y 
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FIGURE  9:  F  vs  I 
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FIGURE  10:  F'  vs  ! 
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FIGURE  12:  EXTERNAL  DRAG  COEFFICIENT 


CONFIDENTIAL 


CONFIDENTIAL 


CONTRACT  DA  44  1 77  TC  38? 


CONFIDENTIAL 


ABD  ■  I ?4  CONTRACT  DA  44I77TC3IJ 

FIGURE  16 


FIGURE  16:  3-DUCT  NACELLE  ARRANGEMENT 
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FIGURE  19 
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FIGURE  30 
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